The adsorption and migration activation energies of boron atoms on a hydrogen-terminated diamond (001) surface were calculated using first principles methods based on density functional theory. The values were then used to investigate the behavior of boron atoms in the deposition process of B-doped diamond film. On the fully hydrogen-terminated surface, the adsorption energy of a boron atom is relatively low and the maximum value is 1.387 eV. However, on the hydrogen-terminated surface with one open radical site or two open radical sites, the adsorption energy of a boron atom increases to 4.37 eV, and even up to 5.94 eV, thereby forming a stable configuration. When a boron atom deposits nearby a radical site, it can abstract a hydrogen atom from a surface carbon atom, and then form a BH radical and create a new radical site. This study showed that the number and distribution of open radical sites, namely, the adsorption of hydrogen atoms and the abstraction of surface hydrogen atoms, can influence the adsorption and migration of boron atoms on hydrogen-terminated diamond surfaces.
Introduction
Boron-doped diamond (BDD) films deposited by chemical vapor deposition (CVD) have attracted increasing research attentions owing to their outstanding properties, including mechanical and electrochemical stability, as well as a wide potential window, low and stable background current, good biocompatibility, high corrosion resistance, and high efficiency in electrochemical oxidation processes. BDD films have been used in a number of electrochemical applications, such as water treatment, electro-synthesis, electro-catalysis, electro-analytical measurement, electrochemical energy technology, and biosensing [1] [2] [3] [4] [5] [6] , and BDD depositions have also been employed to prepare smooth coatings for machining carbon fiber reinforced plastics [7] . BDD film-coated rectangular-hole-shaped drawing dies have been discovered to not only display much better adhesion and wear-resistant properties, but also have higher initial surface smoothness before polishing and relatively lower film hardness, making it liable to be polished to the appropriate surface smoothness [8] . The performances of BDD films depend heavily on the films' microstructure, which mainly relies on the formation mechanism of BDD films in the CVD process. Therefore, the surface chemical process involved in the CVD diamond and BDD film growth has been extensively investigated [9] [10] [11] [12] [13] [14] [15] . With the method used to investigate the surface migration in diamond growth [10] [11] [12] [13] and the insertion of boron into methane [16] , Ashfold's group studied boron doping during diamond CVD, including boron addition to the cluster surface, boron insertion into the diamond surface, boron loss processes from the diamond surface [14] , B and BH insertion reactions, and BH migration on the diamond surface [15] .
Calculation Details
Calculations were performed using a Vienna Ab-Initio Simulation Package (VASP) (VASP5.2, University Wien, Wien, Austria) code [24] [25] [26] , which was based on density functional theory. In specific calculations, a plane-wave basis was set and periodic boundary conditions were used to determine the Kohn-Sham ground state. The projector-augmented wave (PAW) method [27, 28] was used to describe electronic and ionic interactions. Local density was described with generalized gradient approximation (GGA) based on the Perdew-Burke-Ernzerhof (PBE) formulation [29, 30] . Electron and ion relaxation convergence precisions were 10 −4 and 10 −3 eV, respectively. The Brillouin zone was sampled using the Monkhorst-Pack k-point grid [31] during a self-consistent calculation to identify the electronic ground state. A 5 × 5 × 1 k-point mesh was utilized for slab calculations. The parameter settings were optimized for the calculations. Moreover, spin-polarized calculations were performed to optimize the structure and configuration. The NEB method in VASP [19] was used to calculate the minimum migration energy of atoms on the hydrogen-terminated diamond (001) surface.
Prior to calculating atom migration, a lattice constant of 0.3568 nm was determined by adjusting the calculation parameters to optimize the diamond crystalline structure, in which the plane-wave cut-off energy was 350 eV. The calculated lattice constant was close to the experimental value of 0.3567 nm. A 4 × 4 × (8 + 1 + 8) slab composed of eight carbon layers (with 16 carbon atoms per plane), one hydrogen layer, and eight vacuum layers was used to model the hydrogen-terminated diamond (001) film, as shown in Figure 1 . The height of the vacuum layer was approximately 0.8020 nm, and a periodically arranged interference was prevented. The hydrogen-terminated diamond (001) film model was selected because of the abutment of hydrogen atoms on the surface in the diamond film synthesis [22] . During relaxation, the three bottom layers of carbon atoms were fixed, whereas the others moved freely. After relaxation, the hydrogen-terminated diamond (001) surface underwent reconstruction. The length of the dimer bond was 0.162 nm, the bond length between the surface carbon atom and the hydrogen atom was 0.102 nm, and the total energy of the configuration was −1164.233 eV. Energies of a single carbon atom and a single boron atom were determined (Table 1) by fitting the calculated cohesive energy with the experimental value. The calculated lattice constant and cohesive energy were consistent with experimental values. Thus, our calculations are reasonable and reliable for studying the adsorption and migration behaviors in this system. Adsorption and migration behaviors of a single boron atom on the hydrogen-terminated diamond (001) surface were investigated. Based on the special structure of the diamond, six highly symmetrical positions existed on the reconstruction surface of hydrogen-terminated diamond (001), as shown in Figure 1a ,b: (1) on the bridge site of the dimer ring-closing bond (denoted as P1); (2) on top of the carbon atom in the carbon dimer (denoted as P2); (3) at the bridge site of the dimer ringopening bond (denoted as P3); (4) between the carbon dimer row located on top of the atom in the third layer (denoted as P4); (5) between the carbon dimer on top of the atom in the second layer (denoted as P5); and (6) between the carbon dimer on top of the atom in the third layer (denoted as P6). A single boron atom was set at each of the six positions (0.2 nm higher than the surface layer) for calculating the adsorption energy of a boron atom. The orientations of [110] and [110] were regarded as the dimer row and the dimer chain, respectively [10] . The open radical sites on the hydrogen-terminated diamond surface are shown in Figure 1c Energies of a single carbon atom and a single boron atom were determined (Table 1) by fitting the calculated cohesive energy with the experimental value. The calculated lattice constant and cohesive energy were consistent with experimental values. Thus, our calculations are reasonable and reliable for studying the adsorption and migration behaviors in this system. Adsorption and migration behaviors of a single boron atom on the hydrogen-terminated diamond (001) surface were investigated. Based on the special structure of the diamond, six highly symmetrical positions existed on the reconstruction surface of hydrogen-terminated diamond (001), as shown in Figure 1a ,b: (1) on the bridge site of the dimer ring-closing bond (denoted as P1); (2) on top of the carbon atom in the carbon dimer (denoted as P2); (3) at the bridge site of the dimer ring-opening bond (denoted as P3); (4) between the carbon dimer row located on top of the atom in the third layer (denoted as P4); (5) between the carbon dimer on top of the atom in the second layer (denoted as P5); and (6) between the carbon dimer on top of the atom in the third layer (denoted as P6). A single boron atom was set at each of the six positions (0.2 nm higher than the surface layer) for calculating the adsorption energy of a boron atom. The orientations of [110] and [110] were regarded as the dimer row and the dimer chain, respectively [10] . The open radical sites on the hydrogen-terminated diamond surface are shown in Figure 1c . When Hydrogen B was abstracted, the configuration represented the model of a hydrogen-terminated diamond (001) slab with one open radical site (denoted as 1ORS); when Hydrogen A and B were abstracted, the configuration stood for the model with two open radical sites along the dimer row (denoted as 2ORS-R); when Hydrogens B and C were abstracted, the configuration represented the model with two open radical sites along the dimer chain by the ring-opening side (denoted as 2ORS-CO); and when Hydrogens E and B were abstracted, the configuration represented the model with two open radical sites along the dimer chain by the ring-closing side (denoted as 2ORS-CC).
Results and Discussion

Adsorption of a Single Boron Atom on a Fully Hydrogen-Terminated Diamond (001) Surface
The total energies of configurations were calculated to obtain the adsorption energies of the boron atom at the six highly symmetrical positions. The adsorption energy is defined as
where E tot is the total energy of configuration with adsorbed atoms, E slab is the total energy of the relaxation hydrogen-terminated diamond (001) slab without adsorbed atoms, and E B is the energy of a single boron atom. The total energy of the hydrogen-terminated diamond (001) slab E slab was −1164.233 eV.
The total energies and adsorption energies of a single boron atom on the hydrogen-terminated diamond (001) surface are listed in Table 2 . At P4 and P6, the boron atom desorbed. At P1, P2, and P3, the distance between the boron atom and the surface carbon atoms was approximately 0.289-0.354 nm, which is much longer than the covalent radius sum of the boron atom and the carbon atom (i.e., 0.165 nm). Thus, the boron atom could not bond with the surface carbon atoms. Moreover, the adsorption energies were relatively low (0.08-0.162 eV). At P5, both distances between the boron atom and two surface carbon atoms were 0.158 nm, and the distance between the boron atom and the carbon atom in the second layer was 0.145 nm. These three bond lengths are all close to the covalent radius sum of the boron atom and the carbon atom, i.e., 0.165 nm. Obviously, the boron atom bonded with these three carbon atoms; thus, the adsorption energy reached the maximum value of 1.378 eV. The adsorbed boron atom could migrate along the path from P5 to P1 and further to another P5. The migration energies along the path were calculated using the NEB method in the VASP code. The calculation results are listed in Table 3 . The minimum energy data indicate that the migration barrier along the path is 1.216 eV. Therefore, the boron atom migration along the path is easy at normal CVD diamond film deposition temperature (700-900 • C). Figure 1c , the configuration represented the model of a hydrogen-terminated diamond (001) slab with one open radical site (denoted 1ORS). The charge analysis shows that when a hydrogen atom bonded with the surface carbon atom (C NN ) was removed, the total magnetic moment of C NN changed from 0.000 to 0.412 µ B , implying that the C NN had unpaired electrons and was more reactive. The total energy of the configuration of 1ORS E slab is −1158.567 eV. The total energies of the configurations were calculated to study the adsorption of a boron atom at the six symmetrical positions. The relevant adsorption energies were obtained using Equation (1) . The total energies and adsorption energies of a single boron atom on the hydrogen-terminated diamond (001) surface with one open radical site are listed in Table 4 , and the PES of the adsorption energies is displayed in Figure 2 . the total magnetic moment of CNN changed from 0.000 to 0.412 μB, implying that the CNN had unpaired electrons and was more reactive. The total energy of the configuration of 1ORS Eslab is −1158.567 eV. The total energies of the configurations were calculated to study the adsorption of a boron atom at the six symmetrical positions. The relevant adsorption energies were obtained using Equation (1) . The total energies and adsorption energies of a single boron atom on the hydrogen-terminated diamond (001) surface with one open radical site are listed in Table 4 , and the PES of the adsorption energies is displayed in Figure 2 . Given that Hydrogen B was abstracted, the boron atom deposited at P2 could bond with the surface carbon atom; the bond length was approximately 0.154 nm, which is slightly less than their covalent radius sum of 0.165 nm. Thus, the adsorption energy reached the relatively large value of 3.66 eV. When the boron was deposited at P1, the boron atom bonded with the surface carbon dimer with bond lengths 0.152 and 0.142 nm, and the dimer bond was broken. The Bader charge analysis indicates that the charge of boron atom reduces from 2.823 to 1.555 electrons; the charge of two carbon atoms increase from 3.957 to 4.676 electrons and from 4.104 to 4.908 electrons. Thus, the adsorption energy increased to 4.37 eV, which was close to the result in previous study [15] , which is 363 kJ/mol. When the boron atom was deposited at P5, the boron atom abstracted the hydrogen atom from a carbon atom nearby and bonded with two surface carbon atoms with bond lengths both at 0.159 nm. The boron atom bonded also with the carbon atom in the second layer with bond length of 0.185 nm. Therefore, the adsorption energy reached the maximum value of 5.197 eV. At P3, P4, and P6, the distance between the boron atom and the carbon atom with a dangling bond was relatively large, resulting in low adsorption energies.
The migration path can be determined by analyzing the PES. The boron atom could migrate from P1 to P5. At P5, the boron atom abstracted a hydrogen atom, and then the BH radical could migrate from P5 to P1. Along the migration path, the minimum energies were calculated with the Given that Hydrogen B was abstracted, the boron atom deposited at P2 could bond with the surface carbon atom; the bond length was approximately 0.154 nm, which is slightly less than their covalent radius sum of 0.165 nm. Thus, the adsorption energy reached the relatively large value of 3.66 eV. When the boron was deposited at P1, the boron atom bonded with the surface carbon dimer with bond lengths 0.152 and 0.142 nm, and the dimer bond was broken. The Bader charge analysis indicates that the charge of boron atom reduces from 2.823 to 1.555 electrons; the charge of two carbon atoms increase from 3.957 to 4.676 electrons and from 4.104 to 4.908 electrons. Thus, the adsorption energy increased to 4.37 eV, which was close to the result in previous study [15] , which is 363 kJ/mol. When the boron atom was deposited at P5, the boron atom abstracted the hydrogen atom from a carbon atom nearby and bonded with two surface carbon atoms with bond lengths both at 0.159 nm. The boron atom bonded also with the carbon atom in the second layer with bond length of 0.185 nm. Therefore, the adsorption energy reached the maximum value of 5.197 eV. At P3, P4, and P6, the distance between the boron atom and the carbon atom with a dangling bond was relatively large, resulting in low adsorption energies.
The migration path can be determined by analyzing the PES. The boron atom could migrate from P1 to P5. At P5, the boron atom abstracted a hydrogen atom, and then the BH radical could migrate from P5 to P1. Along the migration path, the minimum energies were calculated with the NEB method. The calculation results are listed in Table 5 and the minimum energy path curves are presented in Figure 3a ,b. The curve in Figure 3a shows that the boron atom migration from P1 to P5 is difficult, because of a high energy barrier of 2.36 eV. Once the boron atom overcomes the energy barrier, it can abstract the hydrogen atom from the nearby carbon atom and form a BH radical. The curve in Figure 3b shows that the migration of the BH radical is easy because of a low energy barrier of 1.53 eV. However, the BH radical tends to slide back to P5 and forms a stable configuration. The energy barrier for the BH radical to slide back to P5 is 0.017 eV. presented in Figure 3a ,b. The curve in Figure 3a shows that the boron atom migration from P1 to P5 is difficult, because of a high energy barrier of 2.36 eV. Once the boron atom overcomes the energy barrier, it can abstract the hydrogen atom from the nearby carbon atom and form a BH radical. The curve in Figure 3b shows that the migration of the BH radical is easy because of a low energy barrier of 1.53 eV. However, the BH radical tends to slide back to P5 and forms a stable configuration. The energy barrier for the BH radical to slide back to P5 is 0.017 eV. (a) (b) Figure 3 . Migration minimum energy path curves of the boron atom and the BH radical on the 1ORS: (a) the boron atom migration from P5 to P1 and (b) the BH radical migration from P5 to P1.
Adsorption and Migration Behaviors of a Boron Atom on the Hydrogen-Terminated Diamond (001) Surface with Two Open Radical Sites
As shown in Figure 1c , when Atoms A and B were abstracted, the configuration represented the model of a hydrogen-terminated diamond (001) slab with two open radical sites along the dimer row (denoted as 2ORS-R). The total energy of the configuration of 2ORS-R Eslab is −1152.921eV. The total energies of the configurations of a single boron atom on 2ORS-R were calculated to study the adsorption of a boron atom at the six symmetrical positions. The relevant adsorption energies were obtained using Equation (1) . The total energies and adsorption energies of a single boron atom on the hydrogen-terminated diamond (001) surface with two open radical site are listed in Table 6 and the PES of the adsorption energies is displayed in Figure 4a -c. 
As shown in Figure 1c , when Atoms A and B were abstracted, the configuration represented the model of a hydrogen-terminated diamond (001) slab with two open radical sites along the dimer row (denoted as 2ORS-R). The total energy of the configuration of 2ORS-R E slab is −1152.921eV. The total energies of the configurations of a single boron atom on 2ORS-R were calculated to study the adsorption of a boron atom at the six symmetrical positions. The relevant adsorption energies were obtained using Equation (1) . The total energies and adsorption energies of a single boron atom on the hydrogen-terminated diamond (001) surface with two open radical site are listed in Table 6 and the PES of the adsorption energies is displayed in Figure 4a -c. Given that Atoms A and B were abstracted (Figure 1c) , the boron atom deposited at P5 could bond with two carbon atoms on the surface, both with bond lengths of 0.152 nm, which is less than their covalent radius sum of 0.165 nm. In addition, the boron atom bonded with the carbon atom in the second layer, with a bond length of 0.169 nm. Therefore, the adsorption energy reached the maximum value of 5.936 eV. When deposited at P3, the boron atom abstracted a hydrogen atom from the nearby carbon atom and formed a BH radical. The boron atom bonded with two surface carbon atoms and both bond lengths were 0.171 nm. Thus, the adsorption energy reached 4.88 eV. Figure 4a represents the PES with three basins, which were used to determine the migration path. One path is for the boron atom to migrate from P1 to P5 and further to P1′; another path is for the boron atom to migrate from P5 to P3. At P3, the boron atom abstracted a hydrogen atom and formed a BH radical. After that, the BH radical can migrate from P3 to P5.
In the configuration of 2ORS-CO, hydrogen B and C were abstracted (Figure 1c) . The boron atom deposited at P3 bonded with two surface carbon atoms, both with bond lengths of 0.158 nm. The adsorption energy reached the maximum value of 5.296 eV. The boron atom deposited at P5 could abstract a hydrogen atom from the nearby surface carbon atom and form a BH radical. The boron atom bonded also with two surface carbon atoms with bond lengths of 0.164 nm and 0.157 nm. In addition, the boron atom bonded with the carbon atom in the second layer, with bond length 0.183 Given that Atoms A and B were abstracted (Figure 1c) , the boron atom deposited at P5 could bond with two carbon atoms on the surface, both with bond lengths of 0.152 nm, which is less than their covalent radius sum of 0.165 nm. In addition, the boron atom bonded with the carbon atom in the second layer, with a bond length of 0.169 nm. Therefore, the adsorption energy reached the maximum value of 5.936 eV. When deposited at P3, the boron atom abstracted a hydrogen atom from the nearby carbon atom and formed a BH radical. The boron atom bonded with two surface carbon atoms and both bond lengths were 0.171 nm. Thus, the adsorption energy reached 4.88 eV. Figure 4a represents the PES with three basins, which were used to determine the migration path. One path is for the boron atom to migrate from P1 to P5 and further to P1 ; another path is for the boron atom to migrate from P5 to P3. At P3, the boron atom abstracted a hydrogen atom and formed a BH radical. After that, the BH radical can migrate from P3 to P5.
In the configuration of 2ORS-CO, hydrogen B and C were abstracted (Figure 1c) . The boron atom deposited at P3 bonded with two surface carbon atoms, both with bond lengths of 0.158 nm. The adsorption energy reached the maximum value of 5.296 eV. The boron atom deposited at P5 could abstract a hydrogen atom from the nearby surface carbon atom and form a BH radical. The boron atom bonded also with two surface carbon atoms with bond lengths of 0.164 nm and 0.157 nm. In addition, the boron atom bonded with the carbon atom in the second layer, with bond length 0.183 nm. Thus, the adsorption energy was 5.23 eV. The migration path can be determined by analyzing the PES in Figure 4b . One path is for the boron atom to migrate from P3 to P1 and further to P3 ; another path is for the BH radical to migrate from P5 to P3.
When Hydrogen B and E were abstracted (Figure 1c) , the boron atom deposited at P1 could bond with the surface carbon dimer, both with bond lengths of 0.1478 nm, which is less than their covalent radius sum of 0.165 nm; in addition, the dimer bond was broken. Therefore, the adsorption energy reached the maximum value of 4.886 eV. The boron atom deposited at P3 abstracted a hydrogen atom from a carbon atom nearby and formed a BH radical. The boron atom bonded also with two surface carbon atoms with bond lengths of 0.171 nm and 0.172 nm. Thus, the adsorption energy reached 3.922 eV. Similar to the case of 2ORS-CO, the boron atom at P5 abstracted a hydrogen atom from the nearby surface carbon atom and formed a BH radical. The boron atom bonded with two surface carbon atoms with bond lengths of 0.160 nm and 0.158 nm. Moreover, the boron atom bonded with the carbon atom in the second layer with a bond length of 0.184 nm. Hence, the adsorption energy reaches 5.23 eV. The migration path can be determined by analyzing the PES in Figure 4c . One path is for the boron atom to migrate from P1 to P3; another path is for the BH radical to migrate from P3 to P1. The third path, similar to the case of 2ORS-CO, is for the BH radical from P5 to P1.
The migration energies along the path were calculated using the NEB method in the VASP code. The calculation results are listed in Table 7 , and the minimum energy path curve is presented in Figure 5 . The minimum energy path curve in Figure 5a shows a deep basin between two shallow basins. The boron atom on the configuration of 2ORS-R will slide to a shallow basin and overcomes an energy barrier of 0.54 eV from P1 to P5. However, the migration energy barrier of the boron atom from P5 to P1 is 1.71 eV. The energy barrier of the boron atom from P5 to P3 is 1.94 eV (Figure 5b ). At P3, the boron atom abstracted a hydrogen atom and formed a BH radical. The migration of the BH radical from P3 to P5 is very easy because of the low energy barrier of 0.74 eV, as shown in Figure 5c .
The migration of a boron atom in the 2ORS-CO configuration along the path P1 to P3 (Figure 5d ) is easy because of the low energy barrier of 0.825 eV. The return migration from P3 to P1 requires 1.632 eV to overcome the energy barrier. The migration of a BH radical in the 2ORS-CO configuration along the path from P5 to P3 is easy, given the low energy barrier of 0.765 eV, as shown in Figure 5e .
The migration of a boron atom in the 2ORS-CC configuration along the path P1 to P3 is relatively difficult because the energy barrier is high, i.e., 2.557 eV (Figure 5f ). At P3, the boron atom abstracted a hydrogen atom and formed a BH radical. The migration of the BH radical from P3 to P1 (Figure 5g ) needs to overcome an energy barrier of 1.882 eV. The migration of a BH radical in the 2ORS-CC configuration along the path from P5 to P1 is similar to that in the 2ORS-CO configuration.
The analyses of the PES and the migration of a boron atom in 2ORS-R, 2ORS-CO, and 2ORS-CC configurations indicate that the adsorption of a boron atom at two open radical sites forms a stable configuration and the adsorption energies are from 3.922 to 5.936 eV. All PES for the 2ORS-R, 2ORS-CO, and 2ORS-CC configurations represent the multiple-basin shapes. Moreover, the boron atom nearby the radical site could abstract a hydrogen atom from the surface carbon atom, form a BH radical, and create a new radical site.
Coatings 2017, 7, 57 9 of 12 8 Figure 5 . The minimum energy path curve in Figure 5a shows a deep basin between two shallow basins. The boron atom on the configuration of 2ORS-R will slide to a shallow basin and overcomes an energy barrier of 0.54 eV from P1 to P5. However, the migration energy barrier of the boron atom from P5 to P1 is 1.71 eV. The energy barrier of the boron atom from P5 to P3 is 1.94 eV (Figure 5b) . At P3, the boron atom abstracted a hydrogen atom and formed a BH radical. The migration of the BH radical from P3 to P5 is very easy because of the low energy barrier of 0.74 eV, as shown in Figure 5c . 
Conclusions
In this study, the adsorption and migration activation energies of a single boron atom on a full hydrogen-terminated diamond (001) surface and on the hydrogen-terminated diamond (001) surface with several open radical sites were systematically investigated using first principles methods. The following conclusions can be drawn from the results:
1.
On the fully hydrogen-terminated diamond surface, the adsorption energies of a boron atom are small and the maximum value is 1.387 eV. The migration barrier of the boron atom is 1.216 eV. Thus, boron atom migration on the surface is easy at the CVD diamond deposition temperature (700-900 • C).
2.
On the hydrogen-terminated diamond surface with one open radical site or two open radical sites, the adsorption energies of a boron atom increase to 4.37 eV, even up to 5.94 eV, thereby forming a stable configuration. All PES on the hydrogen-terminated diamond surface with two open radical sites represent the multiple-basin shapes. Thus, a boron atom can migrate from a basin to another basin.
3.
The boron atom by the radical site can abstract a hydrogen atom, form a BH radical, and create a new radical site.
4.
The number and distribution of open radical sites, namely, the adsorption of hydrogen atoms and the abstraction of surface hydrogen atoms, can influence the adsorption and migration of boron atoms on the hydrogen-terminated diamond surface.
